Abstract: Novel microgels of N-isopropylacrylamide (NIPAM)-co-methacrylic acid (MAA) (NIPAM-co-MAA) with different contents of N,N-methylene bis acrylamide (MBA) were prepared by emulsion polymerization technique and were studied by Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS) and zeta potential measurement. Effect of pH, temperature and different salts concentration on the microgel particles was investigated. DLS results have shown that the hydrodynamic radius of the microgel increased upon increasing pH and decreased upon increasing temperature. The swelling/deswelling behaviors as determined by DLS showed the ionic repulsions of the carboxyl group of the methacrylic acid and hydrophobic interaction of NIPAM. The effect of various salts on volume phase transition temperature (VPTT) was also investigated. Upon increasing salt concentration, VPTT became broad and shifted to a lower temperature. Electrophoretic mobility measurements showed an increase with increasing pH and temperature at a constant ionic strength.
Introduction
Among the vast research area in nanoscience, polymer microgels have achieved considerable attention in the polymer science and biomedicine.
1,2 Among all, microgel particles are considered as large family of crosslinked polymeric nanoparticles; their unique utility is the swelling behavior in a suitable solvent. Hydrogels are three dimensional network structures which swell in water and also in aqueous solutions. Upon swelling these microgels, become soft, rubbery and resemble like living tissues. 3 Recently, temperature, pH and other stimuli responsive microgels have made a great deal of attention to scientists. The control of swelling/deswelling property is of major technological interest in various areas of medicine, biotechnology and engineering, because swelling/ deswelling can help in detailed knowledge about volume phase transition in microgels. This knowledge can be utilized for developing unique systems for various applications. An important behavior of a polymer microgel is swelling/ deswelling which depends upon the nature of the solvent used, type of microgel, which further depends on monomer (and/or comonomer) composition/concentration, as well as crosslinker density. The overall properties of the final microgel will be determined from the nature of the monomer used during preparation. Microgels with wide range of different properties can be prepared by the addition of the monomers with different functionalities and makes their possible application range wider. These smart polymers can swell or shrink in response to external stimuli, such as temperature, pH, humidity, ionic † To whom correspondence should be addressed. E-mail: saleemkhan@upesh.edu.pk strength, and solvent composition. 4, 5 Near human body temperature (physiological temperature), poly(N-isopropylacrylamide) (PNIPAM) polymer microgels which is temperature responsive undergo reversible volume phase transition (VPT).
The temperature responsive PNIPAM-based temperature sensitive microgels makes it popular in various fields which need "smart" material responses to external stimuli, including drug delivery, 6 optical filtering 7 and bimolecular recovery.
8
The utility of such "smart" gels can be broadened by introducing various functionalities in the structure of polymer microgel. The carboxylic acid groups are generally incorporated into PNIPAM gels through the free radical copolymerization of acrylic acid (AA) which is of most particular interest. 9 Carboxylate groups in MAA depends upon pH, produce an electrophilic position for functional group and increase the volume phase transition temperature of the microgel when present in an ionized state. Poly(methacrylic acid) (PMAA) hydrogels is an example of polyelectrolyte ones which is sensitive to pH, electric field stimuli and so forth. 10 The excellent swelling behavior makes them extremely important carriers for drug controlled release. This type of hydrogels can be used as a temperature and pHresponsive drug deliverers. Microgels having acidic behavior can be utilized for colon specific drug delivery. In stomach, these microgels have low equilibrium degree due to acidic medium and the swelling behavior increases as it goes to the GI (gastrointestinal) tract because of the enhancement in human body pH. The pH responsive microgels cover the drug from the acidic medium of the stomach and the incorporated/ loaded drug is released in the lower part of the GI tract.
11
Numerous applications of microgel in various fields including control release and safe drug delivery systems, topical applications i.e., wound dressings, transdermal delivery systems, injectable polymers, dental applications, implants and stimuliresponsive systems.
12
One of the most important factors that determine their uniqueness is the swelling and deswelling property of the microgels. A number of factors affect the swelling property of stimuli responsible hydrogels, including composition of monomers, crosslinking density, monomers molecular size or crosslinker, nature of crosslinker, ionic strength and pH of the surrounding media. To modify swelling property of various polymer microgels, these factors are studied.
Here, in this paper novel poly(N-isopropyl acrylamide-comethcrylic acid) [poly(NIPAM-co-MAA)] microgels were prepared through emulsion polymerization and their pH and temperature-sensitive behavior was investigated. Furthermore, the influence of sodium chloride (NaCl), lithium chloride (LiCl) and calcium chloride (CaCl 2 ) as a function of temperature on the swelling behavior of microgel was investigated. The zeta potential and electrophoretic mobility of the microgels were measured as function of temperature and pH at a constant ionic strength. This kind of study has not been reported in literature.
Experimental
Materials. N-isopropylacrylamide (NIPAM), temperature sensitive monomer, was obtained from Sigma (99%), purified in acetone-hexane (1:1 volume ratio) mixture, recrystilized and before use dried under vacuum at room temperature. Methacrylic acid (MAA, Sigma, 99.5%), a pH responsive monomer, ammonium persulfate (APS, Merck), N,N-methylene bis-acrylamide (MBA, Sigma), a crosslinker, sodium dodecylsulphate (SDS, Merck), ammonium hydroxide (Merck, 25%), lithium chloride anhydrous (LiCl, Merck, 99.5%), sodium chloride (NaCl, Merck, 99%), calcium chloride anhydrous (CaCl 2 , Sigma, 99.5%) and hydrochloric acid (HCl, Sigma), all were used as obtained from the mentioned suppliers without further purification. Milli-Q deionized water resistance of 18 MΩ obtained from (Milli-Q Reagent Water System, Millipore Corporation) was used and to remove any particulate matter filtered through a 0.2 µm filter.
Preparation of P(NIPAM-co-MAA) Microgels. The microgel particles were prepared by emulsion copolymerization in aqueous solution. In a 250 mL three necked flask 100 mL of dust-free deionized water was taken and appropriate amounts of NIPAM, MAA, MBA, and SDS (see Table 1 ) were added. A three necked glass reactor (250 mL) contains a stirring glass rod, a 6 cm Teflon paddle and fitted with a reflux condenser, nitrogen bubbling tube and a septum for initiator injection. The solution was gently heated to 70 o C in an oil bath to remove oxygen; purging was continued, stirring at 400 rpm for 1 hr was also continued. Then, to start the reaction, 5 mL APS (0.0022 g) dissolved in water were injected. The reaction mixture was allowed to proceed for 12 h. Synthesized portion of the novel lattices was further purified from free monomers, SDS and other impurities by three times centrifugations, decantation, and redispersions in Milli-Q deionized water. After these purification processes the microgel were further processed for purification by (Spectra/Por ® molecular porous membrane tubing, cutoff 12000-14000) dialysis for four weeks The experiments were carried out on dynamic light scattering (DLS), a standard 90Plus particle size analyzer (Brookhaven Instruments Corporation, Holtsville, USA) having a detector at 90 o . The light source in DLS used was a He-Ne laser (35 mW, 659 nm). For dynamic light scattering (DLS) analysis, the microgel solutions were filtered to remove dust particles through Millipore Millex-HV filters having a pore size of 0.80 µm. Peltier thermocouple stage was used to keep the temperature of the dispersions constant before DLS analysis in order to maintain at swelling/deswelling equilibrium in water. The temperature of each sample was equilibrated for a minimum of 20 min.
From DLS measurements, the characteristic line width distribution G(Γ ) can be obtained from the Laplace inversion of each measured intensity-intensity time correlation function.
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Translational diffusion coefficient D has a mathematical relation to the Γ for a purely diffusive relaxation, by (Γ /q 2 ) C → 0, q → 0 = D, where q = (4πn/λ) sin(θ /2) with λ, θ and n is the incident light wavelength in vacuum, the scattering angle, and refractive index of the solvent respectively. StokesEinstein equation
is used for the transformation of G(Γ ) into a hydrodynamic radius (R h ), where k B, T, and η are the Boltzmann constant, the absolute temperature, and the solvent viscosity, respectively.
A zeta plus zetameter (Brookhaven Instrument Corp., NJ) was used for the measurements of zeta potential. Polymer microgels surface charge density was determined from the electrophoretic mobility measurements at a temperature (20- 
Results and Discussion
FTIR Study of P(NIPAM-co-MAA) Microgel. The characteristic peaks for the copolymers (G1, G2, and G3) are observed as shown in Figure 2 . The peak at 1728 cm -1 is for the C=O; 1461 cm -1 is ascribed to the C-N stretching of the Van der Waals attractive forces among the microgel particles it makes stable dispersions by making hydrogen-bonded structure with bulk water molecules and with interstices. By increasing temperature, contraction of the microgel particles takes place which results in the elimination of water from the interstitial spaces of the microgels and the polymer chain becomes more hydrophobic and polymer-solvent interactions are minimized.
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From Figure 3 it is clear that hydrodynamic radius of the microgels containing 5 and 8 mol% MAA (2, 4 and 5% MBA) is dependent on temperature at pH 6.5 and underwent shrinking transition in the temperature range of 30~35 o C. It is seen that the shrinking transition was broader and shifted to higher temperature upon increasing the degree of crosslinking. Above the lower solution critical temperature (LCST), however, the swelling behavior decreased. At low temperatures, the microgel particles had a higher swelling ratio because the NIPAM component was swellable at a temperature lower than the LCST. By increasing temperature, dehydration occurred in the NIPAM network, which results in subsequent aggregation of the NIPAM chains and causes deswelling of the mircrogels.
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Effect of pH on P(NIPAM-co-MAA) Microgel Series. The hydrodynamic radius of the microgel particles depends upon pH (at a constant temperature of 22 o C). By plotting the change in the hydrodynamic radius of the microgels vs. pH, DLS data shows that MAA strongly depends upon pH and plays an important role in the microgel swelling and deswelling behavior. From Figure 4 it is clear that the shrinking phenomenon as well as the size of the microgels depends strongly Figure 2 . FTIR spectra of P(NIPAM-co-MAA) (G1, G2, G3) microgels. 
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on pH. By increasing pH methacrylic acid groups dissociates releasing proton and results in the increase the charge density on the polymer chain. In the swollen state, i.e at low temperature, by increasing pH the hydrodynamic radius of the microgel particles increases. By increasing pH the inter ionic repulsion of the carboxylic groups increases because of the increase concentration of carboxylate groups due to dissociation with pH, which shows that at low temperature swelling strongly depends on pH [9] . Hydrodynamic radius of the microgels containing 8 mol% of MAA decreased upon increasing the concentration of MBA. There was not much difference in the degree of swelling below pH 5, but the microgel particles greatly swelled above pH 5. From Figure 4 it is clear that the gel having MBA concentration 2% has higher swelling behavior with pH as compared to those having 4% and 5% MBA due to more crosslinking behavior of MBA.
Swelling (or deswelling) ratio (α) is defined as the volume ratio before and after phase transition, which can be calculated with the following equation. Generally the degree of swelling of the microgels increased under basic conditions. The pKα of PMAA is 5.5; therefore the carboxylic groups in PMAA are not completely dissociated below pH 5.5 which strengthens hydrogen bonding chances occurring between carboxylic groups of PMAA and amide groups of NIPAM. 18 The carboxylate groups of microgel particles are highly in dissociated form at a pH above 5.5 and as a result expansion of the microgel particles occurs due to internal electrostatic repulsion between the negative charges. From Figure 5 we found that with increasing pH the swelling ratio increased (deswelling ratio decreased) due to strong inter ionic repulsion of the carboxylic acid side chains and the ionic osmotic pressure caused by the mobile counterions of the charged ions in the network.
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Effect of MBA Concentration on the Swelling Behavior. Due to presence of cross-linker mainly MBA, the swelling behavior of polymer microgel is limited. Figure 6 shows the deswelling ratio of microgel with varying MBA concentration vs. temperature for a series of microgels. As expected, the deswelling ratios increased with increasing MBA content. The smallest particle size at high temperature is due to lowest concentration of cross-linker MBA but it gives the maximum particle concentration.
20
Effect of Different Salts on the Swelling/Deswelling of P(NIPAM-co-MAA) Microgel Series. Ionic strength plays an important role in microgels swelling behavior. Therefore, the influence of the ionic strength on the swelling behavior was investigated at different salts concentrations. Generally, increasing ionic strength reduces inter ionic repulsive forces among the dissociated carboxylate groups and methacrylic acid and decreases the debye screening length. When salts are added, the ionic strength varies, so, we conclude that the salt solution have an important role in the swelling behavior.
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The sizes of microgels calculated for different salts at different temperatures are given in Table 2 .
The swelling ratio of these three gels was measured in different salt solutions from Table 2 and given in Figure 7 for the three salts which we have studied. From the deswelling ratio figures, the cation effect on the swelling behavior can be visualized. Upon increasing cation charge, the crosslinking density is increased which consequently decreases the swelling. Therefore, synthesized hydrogel absorbency was found to be in the order of NaCl > LiCl > CaCl 2 .
The influence that temperature has on the swelling behavior of the microgel containing 2% MBA at different ionic strength of NaCl and pH 6 is shown in the Figure 7 .
In the presence of concentrated salt solution, the deswelling transition of the microgel particles occurred in a broad temperature range. The deswelling ratio of the microgel particles decreased upon increasing ionic strength; this effect is due to the shielding effect caused by the counterions at higher ionic It is obvious that the continuous variation of the hydrodynamic radius is not due to coagulation. Figure 7 also shows the deswelling ratio of the microgel for lithium chloride concentration. From these results we concluded that when the salt concentration increases, the swelling ratio is decreased. At low salt concentration, the concentration of ions within the microgel structure exceeds the concentration of salt in the external solution, and the microgel expands due to large ion-swelling pressure. It means that initially there is scarcity of ions inside the microgels which favors inside movement of ions. The ions from low salt concentrated solutions enter there, resulting in expansion. But when salt concentration is high, the movement between the internal and external ion decreases which results in the shrinkage of the hydrogel. At higher ionic strength the hydrogel continues to shrink until the mobile-ion swelling pressure inside and outside becomes approximately equal. The shrinkage phenomenon can also be studied on the basis of electrostatic repulsion of the carboxylate groups in the microgel. By increasing salt concentration, inter ionic repulsion is decreased and the microgels shrink. (Charge screening effect).
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NIPAM-MAA microgels electrophoretic mobility of the strongly depends upon pH which is shown in Figure 8 . The electrostatic repulsion among the charged groups caused by deprotonation of the MAA carboxylic groups and due to mobile counterions osmotic contribution into the microgel network, and a Donnan equilibrium driven swelling occurs. At higher ionic strength, microgel swelling is lower because the presence of higher concentration of salt causes charge shielding of the carboxylate ions. Furthermore, at a pH below the MAA pKα (~5-6), the microgel shows a clear temperaturesensitive swelling behavior, whereas at values above that pH range the hydrodynamic radius differences at 24 and 37 o C were not significant.
23
The electrophoretic mobility of P(NIPAM-co-MAA) microgels, measured as a function of pH and temperature in 1×10 -3 M NaCl solution, are shown in Figures 8 and 9 . The microgel particles exhibited negative values for these parameters, which both decreased upon increasing the pH and temperature.
The electrophoretic mobility and zeta potential of the particles containing 10 mol% MAA was much lower relative to those containing 6% and either 2 or 4% MBA. This finding reflects the higher surface charge density imparted by the presence of more MAA. The observed negative electrophoretic mobility and zeta potential for the microgel particles as shown in Figure 10 is due to the increasing surface charge density caused by the dissociation of carboxylic acid groups upon increasing the pH.
24
The electrophoretic mobility for the microgel particles also decreased above the LCST; as shown in Figure 9 . This effect was caused by shrinkage of the hydrogel layer, which induces in enhances in the surface charge density. 16 
Conclusions
In this study, P(NIPAM-co-MAA) microgels were prepared by emulsion polymerization using MBA as a crosslinker. The obtained novel microgels showed both temperature and pH sensitivity. The microgel hydrodynamic radius containing different MBA contents were distributed around 350-950 nm. Above pH 5, the microgel particles were greatly swollen. The shrinking transition of the microgel particles occurred in a temperature range of 30-37 o C. The swelling ratio of the microgel particle decreased drastically as temperature, ionic strength and pH increased. By increasing temperature and NaCl concentration, swelling ratio decreased. The swelling studies of the novel polymer microgels in various salt solutions showed better swelling behavior, especially in monovalent cations solutions. However, swelling loss in salt solutions can be attributed to a charge screening effect and ionic crosslinking for mono-and multi-valent cations, respectively. The swelling degree in CaCl 2 was much lower than that in LiCl and NaCl solution and distillated water.
The electrophoretic mobility and zeta potential of the microgel particles had negative values that decreased drastically upon increasing pH and temperature. We concluded that the increase in the surface charge density was induced by dissociation of the carboxylic acid groups and shrinkage of the particle sizes of the microgels.
